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EPR studies of single crystal copper tetramethyl ammonium bromide, T2CuBr4(T = ECeP~4kz in the 
temperature range 77-300 K indicate the largest covalency in this compound compared to similar 
halogenated pseudotetrahedral copper compounds. The angle cos _,r between the c axis and the ionic g 11 axis 
is 12' and 65' at 250 and 220 K, respectively. The change is continuous down to 200 K. The g shift between 
300 and 200 K indicates an increase in the strength of the ligand field with lowering of temperature. The 
magnetic susceptibility ellipsoid and the g -tensor ellipsoid do not coincide in this material. Optical spectra in 
T2(Cu:Zn)Br4 have been assigned. The nonobservation of an EPR signal in T,(Cu:Zn)Br4 and Cs2CuBr4 
indicates that ligand field properties in these pseudotetrahedral compounds are quite different from that of 
T2CuBr4 • • 
I. INTRODUCTION 
In the past two decades investigations on copper (II) 
salts having pseudotetrahedral configuration have been 
carried out by magnetic and optical methods in this 
laboratory and elsewhere (Gill and Nyholm, 1 1959; Bates 
et al. 2 1962; Sharnoff 1964, 4 1965; Bates 1964, 19675; 
Karipides and Piper 19626; Furlani and Morpurgo7 1963; 
Ferguson8 1964; Lahiry et al. 9 1966, 1971). It is true 
that many formal aspects of any theory for the electronic 
states of ions in octahedral coordination are directly 
applicable with suitable modifications to the case of 
tetrahedral coordination since the point groups Oh and 
T 4 are isomorphous. However, from the view point of 
crystal field theory, there are two important differences 
in the two cases: (i) an inversion of Stark pattern oc-
curs when we switch over from an octahedrally to a 
tetrahedrally coordinated salt of the same transition 
metal ion, and (ii) the cubic field separation, 10 Dq of 
a tetrahedral complex is 4/9th that of the octahedral 
complex. 11 These facts should have important bearings 
on the magnetic properties of these salts. There is an-
other nontrivial difference to be incorporated in any 
theory applied to these cases, namely, that the potential 
of a tetrahedral array of charges has an odd power term 
proportional to xyz which does not arise in the octahe-
dral case. This term causes no further splitting of the 
degenerate d" levels, but may be effective in removing 
the parity classification of the basic state eigenfunctions, 
by causing the ground state 3d" even parity configuration 
to be mixed with the higher energy 3d"-1 4p odd parity 
configuration. In fact, Lohr and Lipscomb12 (1963), 
following LCAO(MO) procedure have convincingly shown 
that the observed geometry having D 24 symmetry and 
sequence of ligand field levels of [ CuC14]2- ions in 
CuCs2Cl4 13 • 7 can only be accounted for by introducing an 
appreciable admixture of 4s and 4p copper orbitals into 
the primarily 3d copper orbitals. Bates et al. 2 (1962) 
and Sharnoff4 (1965) have also considered the important 
effects of "d-p" admixture on spin-Hamiltonian parame-
ters like g factors and hyperfine coupling coefficients 
(AI). 
a>Present address: Department of Physics, University of Texas 
at Arlington, Arlington, Texas 76019-0059. 
Nearly a decade ago, a series of isomorphous halogen 
coordinated tetrahedral Cu(II) compounds, namely, 
cesium tetrachlorocuprate (Cs2CuC14), cesium tetra-
bromocuprate (Cs2CuBr4), tetramethylammonium tetra-
chlorocuprate (T2CuC14) [T = (CH3) 4], and tetramethyl 
ammonium tetrabromocuprate (T2CuBr4) was studied by 
magnetic susceptibility EPR, and spectroscopic methods. 
All these crystals belong to an orthorhombic system 
having space-group Pnma and Cu(II) ions in these salts 
are situated in tetragonally distorted tetrahedral en-
vironment (D24 symmetry) formed by four halogen 
ligands. The distortion from regular tetrahedral dis-
position of the ligands around Cu(II) ion can be described 
by the angles X1CuX2, X2CuX3, X1CuX3, X3CuX3 (Fig. 1). 
For a regular tetrahedron these angles are 109° and the 
deviation of the angles would give a measure of the said 
distortion which in all these compounds is along one of 
the S4 axes. A comparative study of these angles for 
the compounds given in Table I shows that the distortion 
increases when the ligand chlorine anions are replaced 
by heavier bromine anions and the· same is true when the 
alkali metal cesium is replaced by the larger cationic 
radical tetramethylammonium. Hence, in absence of 
the detailed x-ray structural data of T2CuBr4 it is not 
unreasonable to beiieve that the magnitude of the distor-
tion in the compound T 2CuBr4 will be a maximum. 
Sharnoff's (1964, 1965)4 X-band EPR studies of 
Cs2CuC14 and Cu(II) in Cs2ZnC14 single crystals at 77 K 
reveal that the g tensors are quite different in these two 
isomorphous salts and g and A tensors do not coincide 
in the latter salt. Sharnoff and Reilnan's14 EPR investi-
gations on T2CuC14 reveal that the variation of g values 
from one salt to another is a lattice effect due to pro-
nounced departure of the [ CuC14)2- ion from symmetry 
characterized by the point group T4 as a result of Jahn-
Teller effect. Mean magnetic susceptibility and aniso- . ~ 
tropy studies9 on T2CuC14, Cs2CuBr4, and T2CuBr4 re-
veal that the orbital contribution (3%) to the room tem-
perature mean moment value Ep~ value) in T2CuBr4 is 
much lower compared to that (11%) in T2CuC14 and 
Cs2CuBr4• The ionic anisotropy {K, -h~F also is much 
lower for T2CuBr4 compared to that in Cs2CuBr4, 
T 2CuC14, and Cs2CuC14• Moreover, there is an interest-
ing phase transition observed only in T 2CuBr4 at about 
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2 3 8  K .  A t  t h i s  p h a s e  t r a n s i t i o n  p o i n t  t h e  r o l e  o f  c  a n d  
a  a x e s  b e c o m e  i n t e r c h a n g e d ,  i . e .  ,  X c  >  x .  > X &  a b o v e  
2 3 8  K  a n d  x . > x c > X &  b e l o w  2 3 8  K .  
S i n g l e  c r y s t a l s  o f  T
2




Z n B r
4
,  a n d  C s
2
C u B r
4  
w e r e  g r o w n  b y  v e r y  s l o w  e v a p o r a t i o n  o f  a q u e o u s  s o l u -
t i o n s  c o n t a i n i n g  T B r  ( t e t r a m e t h y l a m m o n i u m  b r o m i d e )  
a n d  t h e  c o r r e s p o n d i n g  m e t a l l i c  b r o m i d e s  i n  s t o i c h i o -
m e t r i c  r a t i o s .  T h e  b  a x i s  i n  t h i s  c r y s t a l  c a n  b e  e a s i l y  
i d e n t i f i e d  a s  t h e  l o n g  a x i s .  T h e  a c  p l a n e  i s  f o u n d  t o  
g r o w  a t  a  r i g h t  a n g l e  t o  t h i s  a x i s .  




h a v e  b e e n  u n d e r t a k e n  
i n  t h e  t e m p e r a t u r e  r a n g e  3 0 0 - 7 7  K  i n  o r d e r  t o  u n d e r -
s t a n d  t h e  l i g a n d  f i e l d  b e h a v i o r  b e f o r e  a n d  a f t e r  t h e  p h a s e  
t r a n s i t i o n  i n  T
2
C u B r
4
•  T h e  c r y s t a l  T
2
C u B r
4  
b e i n g  
o p a q u e  t o  b o t h  v i s i b l e  a n d  i n f r a r e d  l i g h t ,  o p t i c a l  s p e c -
t r u m  o f  T
2
C u B r
4  
d i l u t e d  w i t h  T
2
Z n B r
4  
w a s  r e c o r d e d  i n  
t h e  r e g i o n  3 0 0 - 1 0  0 0 0  c m "
1
.  E P R  s t u d i e s  h a v e  a l s o  b e e n  
c a r r i e d  o u t  i n  T
2
C u B r
4  
d i l u t e d  w i t h  T
2
Z n B r
4  
a n d  i n  
C s
2
C u B r
4
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I I .  E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N S  
A .  E P A  
X - b a n d  E P R  s p e c t r a  w e r e  p e r f o r m e d  o n  a  V a r i a n  X -
b a n d  E P R  s p e c t r o m e t e r  ( E . : . 4  m o d e l )  f o r  T
2
C u B r
4  
a t  
3 0 0 ,  2 5 0 ,  2 2 0 ,  2 0 0 ,  a n d  7 7  K .  K  a n d  Q  b a n d  E P R  s p e c -
t r a  w e r e  a l s o  o b t a i n e d  a t  3 0 0  K  f o r  T
2
C u B r
4
•  X - b i ! l l d  
E  P R  s p e c t r a  w e r e  a l s o  p e r f o r m e d  i n  C s
2
C u B r  
4  
a n d  
T
2
( C u :  Z n ) B r
4  
c o n t a i n i n g  v a r i o u s  C u :  Z n  r a t i o s .  H o w -
e v e r ,  n o  E P R  s i g n a l  c o u l d  b e  d e t e c t e d  i n  t h e s e  l a t t e r  
c r y s t a l s  i n  t h e  t e m p e r a t u r e  i n t e r v a l  3 0 0 - 7 7  K .  A t  3 0 0  
K  t h e  r e s o n a n c e  s i g n a l  o b t a i n e d  w a s  t o o  b r o a d  t o  b e  
a n a l y z e d  ( d e r i v a t i v e  p e a k  t o  p e a k  l i n e w i d t h  1 6 0 0 G )  i n  
s i n g l e  c r y s t a l  o f  T
2
C u B r
4  
( u n d i l u t e d )  a t  X ,  K ,  a n d  Q  
b a n d  m i c r o w a v e  r e g i o n .  T h o u g h  t h e  c r y s t a l  c o n t a i n s  
t w o  m a g n e t i c a l l y  i n e q u i v a l e n t  c o p p e r ( I I )  c o m p l e x e s  i n  
t h e  u n i t  c e l l ,  o n l y  o n e  r e s o n a n c e  l i n e  w a s  o b t a i n e d  a t  
2 5 0  K .  T h e  s a m e  w a s  t r u e  f o r  a l l  o t h e r  t e m p e r a t u r e s ,  
i . e . ,  2 0 0 ,  2 0 0 ,  a n d  7 7  K .  T h i s  i s  o b v i o u s l y  d u e  t o  a n  
e x c h a n g e  i n t e r a c t i o n  b~t:ween t h e  C u ( I I )  i o n s .  S i m i l a r  
.,  
F I G .  L  D i s t o r t e d  t e t r a h e d r a l  




a n d  X §  a r o u n d  t h e  c e n t r a l  c o p p e r  
( I I )  i o n  i n  t h e  i s o m o r p h o u s  h a l o g e n  
c o o r d i n a t e d  C u ( I l )  c o m p o u n d s  s u c h  
a s  C s C u C 1
4  
o n  i s o m o r p h i c  s t r u c -
t u r e s .  
o b s e r v a t i o n  w a s  r e p o r t e d  b y  S h a r n o f f  ( 1 9 6 4 )
4  
i n  s i m i -
l a r l y  c o n s t i t u t e d  c o p p e r  s a l t  C s
2
C u C 1
4
•  P r i n c i p a l  c r y s -
t a l l i n e  g  v a l u e s  o b t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  
s h o w n  i n  T a b l e  I I .  I t  w i l l  b e  s e e n  t h a t  t h e  o r t h o r h o m -
b o c i t y  i n  t h e  p r i n c i p a l  g  v a l u e s  a r e  s i g n i f i c a n t l y  s m a l l  
a t  2 5 0  K ,  i . e . ,  a b o v e  t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  
2 3 8  K .  F r o m  T a b l e s  I I  a n d  I I I  i t  i s  f u r t h e r  n o t i c e d  t h a t  
r e m a r k a b l e  c h a n g e s  i n  t h e  p r i n c i p a l  c r y s t a l l i n e  g  v a l u e s  
( g " ,  g b ,  g c )  a s  w e l l  a s  i n  t h e  l i n e w i d t h s  o c c u r  n e a r  t h e  
p h a s e  t r a n s i t i o n  p o i n t .  T h e  d e r i v a t i v e  l i n e w i d t h  a l o n g  
t h e  b  a x i s  i s  f o u n d  t o  i n c r e a s e  f r o m  3  7  t o  6 5  G  a s  t h e  
t e m p e r a t u r e  i s  l o w e r e d  f r o m  2 2 0  t o  7 7  K  a n d  d e c r e a s e s  
s l i g h t l y  a l o n g  t h e  o t h e r  t w o  a x e s  ( T a b l e  I I I ) .  
I n  a b s e n c e  o f  d e t a i l e d  x - r a y  s t r u c t u r e  o f  T
2
C u B r
4
,  
w e  h a v e  t o  a d o p t  a  " t e t r a g o n a l  a p p r o x i m a t i o n "  t o  d e r i v e  
p r i n c i p a l  i o n i c  g  v a l u e s  ( g  . .  a n d  g~F f r o m  p r i n c i p a l  c r y s -
t a l l i n e  g  v a l u e s  w i t h  t h e  h e l p  o f  t h e  f o l l o w i n g  e q u a -
t i o n s 9 • 1 0 :  
2  2  g~-s; g 2 - g 2  g!-g~ 
g  . .  -g~= y  - 1 3  =~=:yr:c;rK 
g~+Ogi=g!+g~+g~D 
a ,  { 3 ,  a n d  y  a r e  t h e  d i r e c t i o n  c o s i n e s  o f  g
1 1  
a x i s  w i t h  
r e s p e c t  t o  c r y s t a l l o g r a p h i c  a ,  b ,  a n d  c  a x e s .  
( 1 )  
( 2 )  
X - r a y  s t r u c t u r a l  s t u d y  o n  T
2
C u B r
4  
( M o r o s i n  a n d  
L a w s o n  1 9 6 4 )
1 5  
h a s  e s t a b l i s h e d  t h a t  t h i s  s a l t  i s  i s o m o r -
p h o u s  w i t h  C s
2
C u B r
4  
a n d  T
2
C u C 1
4  
( M o r o s i n  a n d  L i n g a -
f e l t e r  1 9 6 1 ,  
1 6
•
1 7  
1 9 6 0 ) .  I n  t h e s e  s a l t s  t h e  t w o  i o n i c  S
4  
a x e s  ( g
1 1  
a x e s )  i n  a  u n i t  c e l l  ( F i g .  1 )  l i e  i n  t h e  a c  p l a n e  
s o  t h a t  { 3 = 0 .  E q u a t i o n  ( 1 )  t h e n  l e a d s  t o  t h e  f o l l o w i n g  
e q u a t i o n :  
g~-g~=Eg;-g~F+Eg~-g~FD 
a n d  f u r t h e r ,  
1  r  g 2  _  g 2 J 1 1 2  
Y = - 1  +  : t - - : : t  
- . / 2  g  . .  -g~ 
( 3 )  
( 4 )  
W e  c a n  t h e n  d e t e r m i n e  g
1 1
,  g~I a n d  y  f r o m  E q s .  ( 2 ) ,  ( 3 ) ,  
T A B L E  I .  D i s t o r t i o n s  i n  s e v e r a l  p s e u d o t e t r a h e d r a l  c o p p e r  c o m p o u n d s .  
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4  
5 3 7  
T A B L E  I I .  P r i n c i p a l  c r y s t a l l i n e  g  v a l u e s  i n  T
2
C u B r
4  
a t  d i f f e r -
e n t  t e m p e r a t u r e s .  
T e m p .  ( K )  
g .  
g b  g e  
2 5 0  
2 . 1 0 ± 0 . 0 1  2 . 0 9 ± 0 . 0 1  
2 . 3 0 ± 0 . 0 1  
2 2 0  
· 2 .  2 4 5  ±  o .  0 0 5  
2 .  0 6 0  ±  o .  0 0 3  
2 . 1 0 0  ±  o .  0 0 3  
2 1 ' 0  
2 .  2 2 0  ±  0 .  O D - 3  
2 .  0 6 0  ±  o .  0 0 3  
2 .  0 8 0  ± 0 .  0 0 3  
7 7  -
2 .  2 2 0  ±  o .  0 0 3  
2 .  0 6 0  ±  o .  0 0 3  2 .  0 8 0  ± 0 .  0 0 3  
( 4 ) .  T h e r e  a r e  t w o  p o s s i b i l i t i e s :  ( i )  g ,  >  g J . ,  ( i i )  g J .  >  g , .  
W e  h a v e  s e e n  t h a t  o n l y  t h e  f i r s t  o n e  i s  t e n a b l e  i n  t h e  
p r e s e n t  c a s e .  T h e  v a l u e s  o f  g , ,  g J .  a n d  c o s - •  y  s o  d e t e r -
m i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  l i s t e d  i n  T a b l e  I V .  
I n  T a b l e  I V  a r e  a l s o  l i s t e d  v a l u e s  o f  c o s - •  y  d e r i v e d  f r o m  
s u s c e p t i b i l i t y  a n i s o t r o p y  s t u d y  b y  L a h i r i  e t  a l .  ( 1 9 6 6 ,  
1 9 7 1 ) .
1 0  
.  
B .  I  R  s p e c t r a  
A s  m e n t i o n e d  e a r l i e r ,  n o  E P R  s i g n a l  c o u l d  b e  d e t e c t e d  
a t  X ,  K ,  a n d  Q  b a n d s  i n  T
2




( C u :  Z n ) B r
4
,  a n d  i n  
C s
2
C u B r
4  
a t  r o o m  t e m p e r a t u r e .  I n  c a s e  o f  T
2
( C u :  Z n ) B r
4  
( C u :  Z n  =  1 : 3 ,  1 : 5 ,  1 :  1 0 )  a n d  C s
2
C u B r
4
,  n o  E P R  s i g n a l  
c o u l d  b e  o b s e r v e d  e v e n  a t  7 7  K .  T h i s  i s  p o s s i b l y  d u e  t o  
t h e  l a r g e  d i f f e r e n c e  i n  s p i n - l a t t i c e  r e l a x a t i o n  r a t e s  o f  
t h e  C u
2
•  i o n s  i n  t h e  r e s p e c t i v e  l a t t i c e s .  I t  i s  w e l l  e s -
t a b l i s h e d  ( V a n  V l e c k  1 9 4 0 ,  1 9 4 1 }
1 8  
t h a t  t h e  d o m i n a n t  
m e c h a n i s m  f o r  s p i n - l a t t i c e  r e l a x a t i o n  o f  3 d  g r o u p  o f  
c o m p o u n d s  i s  K r o n i g - V a n  V l e c k  m e c h a n i s m ,  i . e .  ,  t h e  
m o d u l a t i o n  o f  t h e  c r y s t a l l i n e  e l e c t r i c  f i e l d  b y  l a t t i c e  
v i b r a t i o n  i s  f e l t  b y  t h e  s p i n s  t h r o u g h  s p i n - o r b i t  c o u p l i n g .  
T h e  e x c h a n g e  o f  e n e r g y  b e t w e e n  t h e  s p i n s  a n d  t h e  l a t t i c e  
i n v o l v e s  p h o n o n s  t a k i n g  p a r t  i n  t w o  p o s s i b l e  p r o c e s s e s :  
o n e  p h o n o n  ( o r  d i r e c t )  a n d  t w o  p h o n o n  ( o r  i n d i r e c t )  p r o -
c e s s e s .  T h e  l a t t e r  p r o c e s s e s  u t i l i z e  a  v e r y  b r o a d  s p e c -
t r u m  i n  c o m p a r i s o n  t o  t h e  f i r s t  p r o c e s s  a n d  i s  p r e d o m i -
n a n t  a t  h i g h  t e m p e r a t u r e s .  C o r r e s p o n d i n g  s p i n - l a t t i c e  
r e l a x a t i o n  t i m e  f o r  a  K r a m e r s  i o n  a t  a  g i v e n  t e m p e r a -
t u r e  b e s i d e s  b e i n g  d e p e n d e n t  o n  f a c t o r s  s u c h  a s  t e m -
p e r a t u r e  " T , "  c r y s t a l  f i e l d  m a t r i x  e l e m e n t s  i s  p r o p o r - •  
t i o n a l  ( M a n e n k o v  a n d  O r b a c h  1 9 6 6 )
1 9  
t o  ( i )  t . . !  f o r  K B D  
< t . . q  a n d  ( i i )  C [ e x p ( t . . q / k T )  -1ztKK~ +  c '  t . . !  f o r  K B  D >  t . . q .  
t . . q  i s  t h e  e n e r g y  s e p a r a t i o n  b e t w e e n  t h e  g r o u n d  
K r a m e r ' s  d o u b l e t  a n d  t h e  f i r s t  e x c i t e d  K r a m e r  l e v e l  
w h i c h  i s  c o u p l e d  t o  t h e  g r o u n d  s t a t e  t h r o u g h  s p i n - o r b i t  
c o u p l i n g .  
e  D  i s  t h e  D e  b y e  t e m p e r a t u r e  o f  t h e  p a r a m a g n e t i c  
l a t t i c e  c ,  c '  a r e  t w o  p r o p o r t i o n a l i t y  c o n s t a n t s .  S o  i t  i s  
T A B L E  I I I .  D e r i v a t i v e  l i n e w i d t h s  w . ,  W b ,  W e  a l o n g  t h r e e  
p r i n c i p a l  c r y s t a l l o g r a p h i c  a x e s  i l ' l  T
2
C u B r
4  
a t  d i f f e r e n t  t e r n -
.  .  
p e r a t u r e s .  
T e m p .  ( K )  
2 5 0  
2 2 0  
2 0 0  
7 7  
w .  ( G )  
4 8 0  ±  1 5  
8 4 . 0  ± 5 .  0  
7 3  ±  5 .  0  
7 5  ± 5 .  0  
w b  ( G l  
5 0 0  ±  1 5  
3 7 . 0  ± 5  
5 3  ± 5 .  0  
6 5  ±  5 .  0  
W e  ( G )  
5 3 0  ±  1 5  
8 1 . 0 ± 5 . 0  
7 0 . 0  ± 5 .  0  
7 2  ± 5 .  0  
T A B L E  I V .  P r i n c i p a l  i o n i c  g  v a l u e s  a n d  a n g l e  b e t w e e n  
i o n i c  g
1 1  
a n d  c  a x i s  ( c o s - t  Y )  i n  T
2
C u B r
4
•  
T e m p .  ( K )  
g u  
g ,  
C O S - I ' ) '  
C o s -
1
Y .  
( E P R )  
2 5 0  2 . 3 1  2 .  0 9  1 Z '  
3 4 .  4 7 '  
2 2 0  2 . 2 8  2 . 0 6  6 5 . 5 °  
6 2 .  9 6 "  
2 0 0  
2 . 2 4  
2 . 0 6  
7 0 .  s o  
6 2 .  4 3 '  
7 7  2 . 2 4  2 . 0 6  7 0 .  s o  6 3 .  3 2 '  
" C o s -
1  
' Y  a s  o b t a i n e d  f r o m  m a g n e t i c  a n i s o t r o p y  s t u d i e s  b y  
L a h i r y  e t  a l .  ( R e f s .  9  a n d  1 0 ) .  
e v i d e n t  f r o m  a b o v e  t h a t  K r a m e r  c o m p o u n d s  h a v i n g  l o w  
l y i n g  e x c i t e d  l e v e l s  ( s p i n - o r b i t  c o u p l e d  t o  g r o u n d  l e v e l )  
a r e  e x p e c t e d  t o  h a v e  s h o r t  s p i n - l a t t i c e  r e l a x a t i o n  t i m e .  
T h e I R  s p e c t r a  o f  T
2
C u B r
4  
a n d  T
2
C u B r
4  
d i l u t e d  w i t h  
T
2
Z n B r
4  
i n  K R r  p e l l e t s  w e r e  o b t a i n e d  w i t h  a  B e c k m a n n  
I R  - 2 0 A  r e c o r d i n g  s p e c t r o m e t e r .  O p t i c a l  s p e c t r a  w e r e  
p e r f o r m e d  o n  T
2
C u B r
4  
d i l u t e d  w i t h  T
2
Z n B r
4  
i n  t h e  r a t i o  
( 1 :  1 0 )  o n  C a r l - Z e i s s  V S 2 - P  s p e c t r o p h o t o m e t e r .  
T o  s e e  w h e t h e r  a n y  l o w  l y i n g  c r y s t a l  f i e l d  l e v e l  e x i s t s  
i n  T
2




( C u :  Z n ) B r
4
,  a n d  C s
2
C u B r
4
,  i n f r a r e d  
s p e c t r a  o f  t h e s e  c o m p o u n d s  a l o n g  w i t h  t e t r a m e t h y l  
a m m o n i u m  b r o m i d e  ( T B r )  i n  K B r  p e l l e t s  w e r e  r e c o r d e d  
i n  t h e  r a n g e  3 0 0 - 4 0 0 0  c m -
1
•  T h e  s p e c t r a  i n  T
2





( C u : Z n ) B r
4
( w i t h C u : Z n = 1 : 3 ,  1 : 5 ,  1 : 1 0 } ,  a n d T B r  
a r e  f o u n d  t o  b e  i d e n t i c a l  s h o w i n g  t h a t  n o  l i g a n d  f i e l d  




e x i s t s  i n  t h e  3  0 0 - 4 0 0 0  
e m  - t  r a n g e .  I n  t h e  c a s e  o f  C s
2
C u B r  
4
,  n o  b a n d  i s  o b -
s e r v e d  i n  t h e  a b o v e  s p e c t r a l  r a n g e .  T h u s ,  n o  s a t i s f a c -
t o r y  e x p l a n a t i o n  c a n  b e  p u t  f o r w a r d  f o r  t h e  n o n  o b s e r v a -
t i o n  o f  E P R  s p e c t r a  p a r t i c u l a r l y  i n  C s
2
C u B r
4  
a n d  
T
2
( C u :  Z n ) B r
4  
e v e n  a t  7 7  K .  
C .  O p t i c a l  s p e c t r a  
S i n g l e  c r y s t a l  c o p p e r ( I I )  t e t r a m e t h y l a m m o n i u m  b r o -
m i d e  i s  o p a q u e .  S o ,  p o l a r i z e d  o p t i c a l  s p e c t r a  i n  
T
2
C u B r
4  
( d i l u t e d  w i t h  T
2
Z n B r
4  
i n  t h e  r a t i o  1 :  1 0 }  w h i c h  
i s  r a t h e r  t r a n s p a r e n t  w e r e  p e r f o r m e d  a t  r o o m  t e m p e r a -
t u r e  i n  t h e  s p e c t r a l  r e g i o n  4 0 0 0 - 1 0 0 0  e m - •  w i t h  t h e  i n c i -
d e n t  l i g h t  p a r a l l e l  t o  t h e  c r y s t a l l o g r a p h i c  a ,  b  a x e s .  
T h e  r e l a t i v e  a b s o r p t i o n  i n t e n s i t y  w i t h  r e s p e c t  t o  a i r  w a s  
m e a s u r e d  a n d  p l o t t e d  a g a i n s t  w a v e  n u m b e r  ( i n  c m -
1
)  o f  
i n c i d e n t  l i g h t  ( F i g .  2 ) .  T h r e e  p e a k s  a r e  o b s e r v e d  a t  
9 0 9 0 ,  7 4 0 0 ,  a n d  5 9 7 0  c m -
1  
f o r  b o t h  b  I I  E  a n d  a  11  E  p o l a r -
i z a t i o n s ,  E  b e i n g  t h e  e l e c t r i c  v e c t o r  o f  i n c i d e n t  l i g h t .  
T h i s  i s  i n  c o n t r a s t  t o  t h e  o b s e r v a t i o n  o f  a  b r o a d  o p t i c a l  
b a n d  i n  C s
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C u C 1
4  
b y  F e r g u s o n  ( 1 9 6 4 )
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a t  r o o m  t e m p e r a -
t u r e .  F o r  t h e  c  p o l a r i z a t i o n  t h e  a b s o r p t i o n  a t  9 0 9 0  c n (
1  
i s  v e r y  s m a l l  a n d  t h e  a b s o r p t i o n  p e a k  a t  5 9 7 0  c m -
1  
i s  
v e r y  p r o m i n a n t  c o m p a r e d  t o  t h a t  f o r  a  a n d  b  p o l a r i z a -
t i o n .  
D .  A s s i g n m e n t  o f  o b s e r v e d  l i g a n d  f i e l d  b a n d s  
T h e  2
0  
s t a t e  o f  t h e  f r e e  c o p p e r ( I I )  i o n  i s  s p l i t  i n t o  f o u r  
s t a t e s  o f  s y m m e t r y  
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A . ,  
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2
E  b y  a  D
2 4  
f i e l d .  
T h e  t e t r a h e d r o n  i s  c o m p r e s s e d  a l o n g  o n e  o f  t h e  S
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a x e s  
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. . . . .  
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F I G .  2 .  P o l a r i z e d  o p t i c a l  s p e c t r a  o f  
s i n g l e  c r y s t a l  T
2
( C u :  Z n ) B r
4  
f o r  C u :  Z n  
=  1 :  1 0 .  
2 0 0 0 0  1 8 0 0 0  
1 6 0 0 0  
1 4 0 0 0  1 2 0 0 0  
1 0 0 0 0 ° A  
h o l e  i n  t h e  d " Y  o r b i t a l .  T h i s  f o l l o w s  f r o m  t h e  c r y s t a l  
f i e l d  c o n s i d e r a t i o n  o f  F e l s e n f e l d  ( 1 9 5 6 )
2 0  
a n d  L C A O ( M O )  
c a l c u l a t i o n  o f  L o h r  a n d  L i p s c o m b  ( 1 9 6 3 ) .  t
2  
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A t  t h e  f o l l o w i n g  
r e s u l t s  f o r  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  s p a n n e d  b y  
p u r e l y  e l e c t r i c  d i p o l e  i n t e g r a l s  a r e  o b t a i n e d :  
D u  
( l / ! . I Z i l / 1 ; )  
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( z  p o l a r i z e d )  t r a n s i t i o n s  a r e  e l e c t r i c  d i p o l e  a l l o w e d  
s i n c e  e a c h  o f  t h e m  t o t a l l y  c o n t a i n s  t h e  s y m m e t r i c  r e p r e -
s e n t a t i o n  A
1
•  I f  t h e  s p i n - o r b i t  i n t e r a c t i o n  i s  a l s o  c o n -
s i d e r e d  t h e  t r a n s f o r m a t i o n  p r o p e r t i e s  o f  t h e  s t a t e s  w i l l  
b e  g o v e r n e d  b y  t h e  c h a r a c t e r  t a b l e  f o r  t h e  d o u b l e  g r o u p  
n ;
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( T a b l e  V ) .  I n  t h e  d o u b l e  g r o u p  r e p r e s e n t a t i o n  w e  









)  l e v e l  t h e n  u n d e r  s . o .  c o u p l i n g  
s p l i t s  i n t o  t w o  c o m p o n e n t s  r  
6  
a n d  r  
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•  T h e  f o l l o w i n g  
r e p r e s e n t a t i o n s  o f  t h e  p u r e l y  e l e c t r i c  d i p o l e  i n t e g r a l s  
f o r  t h e  t r a n s i t i o n s  r 7 - r 7  a n d  r 7 - r 6  a r e  o b t a i n e d :  
v ; d  
( 1 / 1 .  l z  I  1 / I . J  
r 7 - r 7  
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- 2 B t ( r 7 )  
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A t ( r s )  
P o l a r i z a t i o n  
z  ( I I )  
F o r b i d d e n  
A l l o w e d  
F o r b i d d e n  
A l l o w e d  
I n c i d e n t  r a d i a t i o n  
( x , y )  ( 1 )  
.,  
A l l o w e d  
A l l o w e d  
A l l o w e d  
A l l o w e d  
A s  e v i d e n t  f r o m  F i g .  2 ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  p o -
l a r i z e d  s p e c t r a  w i t h  e l e c t r i c  v e c t o r  a l o n g  a  a n d  b  a x e s ,  
r e s p e c t i v e l y ,  a r e  a l m o s t  i d e n t i c a l .  T h i s  m e a n s  t h a t  
g
1 1  
a x i s ,  i . e . ,  t h e  i o n i c  s y m m e t r y  a x i s  ( S
4
)  s h o u l d  m a k e  
a n  e q u a l  a n g l e  w i t h  t h e  a  a n d  b  a x e s .  S i n c e  i t  i s  k n o w n  
f r o m  x - r a y  d a t a  t h a t  S
4  
a x e s  i n  t h i s  s a l t  l i e  i n  t h e  a c  
p l a n e ,  i t  f o l l o w s  t h a t  g
1 1  
a x i s  s h o u l d  c o i n c i d e  w i t h  c  a x i s  
i n  C u
2
• :  T
2
Z n B r
4
•  I t  w a s  a l s o  k n o w n  f r o m  o u r  E P R  
s t u d i e s  o n  T
2
C u B r
4  
a t  2 5 0  K  t h a t  t h e  a n g l e  b e t w e e n  g
1 1  
a x i s  a n d  c  a x i s  i s  q u i t e  s m a l l  t h a t  i s  a b o u t  1 2 ° .  T h e  a b -
s o r p t i o n  l i n e  a t  9 0 9 0  c m "
1  
w h i c h  a p p e a r s  t o  b e  s t r o n g  i n  
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a  a n d  b  p o l a r i z a t i o n s  b u t  v e r y  w e a k  i n  c  p o l a r i z a t i o n  m a y  












)  t r a n s i t i o n .  T w o  t r a n -
s i t i o n s  a t  7 4 0 0  a n d  5 9 7 0  c m "
1  
a r e  a l l o w e d  i n  a ,  b ,  a n d  c  
p o l a r i z a t i o n s  a n d  c a n  b e  a s s i g n e d  i n  a c c o r d a n c e  w i t h  t h e  
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l i e s  h i g h e r  t h a n  
2
E  l e v e l s  a s  i n  s i m i l a r l y  c o n s t i t u t e d  
t e t r a h e d r a l  c o p p e r  s a l t s  C s
2
C u C 1
4  
( F e r g u s o n  1 9 6 4 )
8  
a n d  
C s
2
C u B r
4  
( M o r o s i n  a n d  L i n g a f e l t e r  1 9 6 0 ) .  
1 6  
I l l .  C O N C L U S I O N  
S i n c e  n o  X  - b a n d  E P R  s i g n a l  c o u l d  b e  d e t e c t e d  i n  
T  
2
C u B r  
4  
d i l u t e d  w i t h  i s o m o r p h o u s  
T
2




( C u :  Z n ) B r
4
]  i n  t h e  t e m p e r a t u r e  r a n g e  7 7 -
3 0 0  K ,  i t  c a n  b e  c o n c l u d e d  t h a t  t h e  n a t u r e  o f  t h e  l i g a n d  
f i e l d s  i n  s i m i l a r l y  c o n s t i t u t e d  T
2
C u B r
4  
a n d  T
2
( C u :  Z n ) B r
4  
a r e  q u i t e  d i f f e r e n t .  U n d e r  t h e  c i r c u m s t a n c e s ,  i t  i s  n o t  
p o s s i b l e  t o  t h r o w  m u c h  l i g h t  o n  t h e  l i g a n d  f i e l d  b e h a v i o r  
i n  T
2
C u B r
4  
a s  w i l l  b e  e v i d e n t  f r o m  t h e  f o l l o w i n g :  
T h e  r e l e v a n t  l i g a n d  f i e l d  c a l c u l a t i o n  o f  t h e  m a g n e t i c  
p r o p e r t i e s  o f  C u
2
•  i o n  i n  t e t r a g o n a l l y  d i s t o r t e d  t e t r a -
h e d r a l  c o n f o r m a t i o n  m a y  b e  b r i e f l y  d i s c u s s e d  i n  t h i s  
c o n n e c t i o n .  T h e  g r o u n d  s t a t e  f o r  C u ( I I )  i n  t e t r a h e d r a l  
( F e r g u s o n  1 9 6 4 )
8  




•  T h e  r e s u l t i n g  
s t a t e s  a f t e r  " d - p ,  s "  a d m i x t u r e  u n d e r  D
2 4  
s y m m e t r y  a r e :  





I x z ) + y 2 P 2 I Y ) ,  
( 2 E ) z j ; : J  = P
2
I y z )  + y 2 P 2 I X ) ,  
( 2 B 1 ( 1 j ; 3 =  ~~-y
O
FD 
( 2 A 1 ) l / ! 4  = Q  l z
2
)  +  a Q  I s >  ,  
w h e r e  
p  1  =  1 / ( 1  +  y i ) 1 1 2  '  p 2  =  1 / ( 1  +  y~F1tO '  Q  =  1 / ( 1  +  a 2 ) 1 1 2  '  
a n d  I Z ) ,  e t c .  a n d  I S )  d e n o t e  t h e  4 p  a n d  4 s  o r b i t a l s  o f  t h e  
C u ( I I )  a n d  p  a n d  s  o r b i t a l s  o f  t h e  l i g a n d s , r e s p e c t i v e l y ,  
a n d  y
1
P h  e t c .  a n d  a Q  r e p r e s e n t  t h e i r  r e s p e c t i v e  c o m -
b i n e d  a d m i x t u r e s  i n  t h e  c o m p o s i t e  r e p r e s e n t a t i o n s  l / ! t >  
l / ! 2 ,  l / ! 2 ,  l / ! 3 ,  l / ! 4 .  
T h e  w e l l - k n o w n  s p i n - H a m i l t o n i a n  t e c h n i q u e  o f  
A b r a g a m  a n d  P r y c e  ( 1 9 5 1 )
2 1  
h a s  b e e n  a d o p t e d  i n  c a l c u -
l a t i o n  o f  g f .  F o l l o w i n g  t h e  p e r t u r b a t i o n  c a l c u l a t i o n s  u p  
t o  t h i r d  o r d e r  a n d  t a k i n g  d u e  c a r e  o f  c o v a l e n t  b o n d i n g  o f  
m e t a l  o r b i t a l s  w i t h  l i g a n d  o r b i t a l s  i n  t h e  e v a l u a t i o n  o f  
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)  s y m m e t r y :  
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